Purpose: The aim of this study was to measure brain alterations in patients with herpes zoster (HZ) and postherpetic neuralgia (PHN) and compare their differences using a voxel-based morphometry (VBM) technique. Materials and methods: Thirty-three patients with HZ, 22 patients with PHN, and 28 well-matched healthy controls (HCs) were recruited. Magnetic resonance imaging data were acquired for all subjects and analyzed using the VBM method. The changes in gray matter volume (GMV) in HZ and PHN groups were compared with those in HC group, and the GMV differences were also compared between the PHN and HZ groups. Further correlation analysis and receiver operating characteristic curves were used to confirm the significance of GMV changes in various brain regions. Results: Compared with HCs, decreased GMV was found in the bilateral insular lobes and increased GMV was found in the bilateral thalamus in the HZ group. In the PHN group, GMV decreased in the bilateral insula lobes, right middle frontal gyrus, bilateral precentral gyrus, and left postcentral gyrus and increased in the left cerebellar posterior lobe, right parahippocampal gyrus, and right lentiform nucleus. In addition, the PHN group exhibited increased GMV in the left cerebellar tonsil, culmen, and left lentiform nucleus and decreased GMV in the right precentral gyrus compared with the HZ group. Further correlation analysis and receiver operating characteristic curves revalidate the significance of most of these abnormal brain regions.
Introduction
Herpes zoster (HZ) is an infection characterized by reactivation of varicella-zoster virus. It can result in erythema, clustered shingles, and neuralgia. Postherpetic neuralgia (PHN) is the most common complication of HZ 1 and is defined as typical chronic neuropathic pain that persists for more than 1 month after the zoster is cured. 2 PHN is clinically characterized by extreme pain, usually accompanied with various abnormal sensory symptoms; 3, 4 PHN negatively affects patients' quality of life and mental health, and PHN patients are at a particularly high risk of developing depression and anxiety. 5, 6 Moreover, PHN is becoming an increasing economic burden given the current
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With the development of neuroimaging, functional magnetic resonance imaging (fMRI) has contributed to a deeper understanding of the central nervous system and neuropathic pain. Resting-state fMRI (rs-fMRI) focuses on the spontaneous activity of the brain in the conscious resting state. It is a noninvasive, radiation-free method for exploring the neural mechanisms of neuropathic pain and is widely used in PHN. Although growing evidence shows that the brain is involved in pain regulation and pain defense, 2, 7 the central mechanism of PHN is not yet fully understood. Neuroimaging studies have revealed abnormal activity in the brains of PHN patients, including in the insula, thalamus, cerebellum, limbic system, prefrontal lobe, and temporal lobe, using regional homogeneity (ReHo) and fractional aptitude of lowfrequency fluctuations, which are commonly used methods in rs-fMRI. [8] [9] [10] [11] In addition, the application of rs-fMRI is not limited to locating certain brain regions but also in complex brain networks. More recently, voxel-mirrored homotopic connectivity and seed-based functional connectivity analyses have revealed decreased homotopic connectivity in the dorsolateral prefrontal cortex and the precuneus and posterior cingulate cortex, indicating disrupted intrinsic connectivity between these regions and the default-mode network (DMN) in PHN brains. 12 Utilizing the arterial spin labeling technique to choose "seeds" highly correlated with pain intensity and calculating the functional connectivity showed that reward circuitry, especially the striatum, thalamus, and insula, was highly correlated with pain in PHN patients. 13 Structure is the basis of function, although less is known about the structural changes of the PHN brain because few studies have been conducted on this topic. Previous studies have used diffusion tensor imaging (DTI), diffusional kurtosis imaging (DKI), or voxel-based morphometry (VBM) and have independently reported that PHN is closely associated with structural pathological changes in the brain. [14] [15] [16] These results largely overlap with brain regions that show abnormal activity, such as the insula, cerebellum, frontal lobe, and temporal lobe. In the 1990s, using light microscopy, researchers found that similar to the skin healing with scars due to shingles, the peripheral nervous system and the central nervous system can also exhibit scars upon healing. 17, 18 These changes lead to a series of neurological functional changes, followed by progression to PHN. Therefore, to understand the central mechanism of PHN, identifying the functional and structural changes in the central nervous system of patients with HZ is also important. Hong et al 19 
Materials and methods Participants
Fifty-five right-handed patients with HZ and PHN were recruited from the Pain Department of the First Affiliated Hospital of Nanchang University, and two consultant physicians from the Pain Department made the clinical diagnoses. The intensity levels of spontaneous pain were assessed using a visual analog scale (VAS) 20, 21 ranging from 0 (no pain) to 10 (highest intolerable pain) before fMRI scanning. Twentytwo PHN patients were diagnosed, based on the International Association for the Study of Pain, with the presence of pain persisting for >1 month (1-20 months, mean 3 months) after recovery from HZ infection and with a pain intensity of at least 5 on the VAS. The age of the patients with PHN ranged from 54 to78 years. In PHN patients, skin lesions were localized on the left side of the body in 13 cases and on the right side in 9 cases. The recruitment criteria for the 33 patients with HZ were exhibiting shingles within the last 1 month that did not subside and a VAS score of 5 or more. The ages of the patients with HZ ranged from 37 to73 years. The skin lesions of the HZ patients were localized on the left side of the body in 16 cases and on the right side in 17 cases. Patients who had other pain disorders were excluded, and none of the included patients had a history of any other psychiatric illness or neurological illness, head injury, or alcohol or drug abuse.
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Using advertisements posted on the department bulletin board and in a WeChat circle of friends, we recruited 28 righthanded healthy controls (HCs) age-and sex-matched with the HZ and PHN patients. The HCs ranged in age from 38 to72 years. None of the HCs had any spontaneous pain or sensory abnormalities, substance abuse, neurological disorders, or significant psychiatric disorders. The healthy subjects also had no family history of mental disorders.
Written informed consent was obtained from all participants or participants' guardians before data acquisition. The current study was approved by the Medical Research Ethics Committee and the institutional Review Board of The First Affiliated Hospital of Nanchang University and in accordance with the principles of the Declaration of Helsinki.
image acquisition
All MRI experiments were implemented using a 3.0 T Siemens TrioTIM Scanner (Erlangen, Bavaria, Germany) at the Radiology Department, the First Affiliated Hospital of Nanchang University. Each participant underwent a threedimensional, high-resolution T1-weighted structural MRI scan by a magnetization-prepared rapidly acquired gradient echo sequence with the following parameters: repetition time =1,900 ms, echo time =2.26 ms, flip angle =9°, matrix =240×256, field of view =215×230 mm, slice thickness =1.0 mm, slice gap =0 mm, sweep time =8 minutes, and 176 sagittal slices. In the MRI scans, participants were instructed to close their eyes but remain awake and to keep their mind clear, and earplugs were used to reduce the machine's noise. After the scan, the subjects were asked whether they stayed awake during the entire scan. In addition, all subjects underwent routine conventional T2-weighted scans to exclude visible brain structural abnormalities.
Data preprocessing
The rs-fMRI data processing assistant (DPARSF -V2.1, http://rfmri.org/DPARSF) toolkit based on the MATLAB (MathWorks, Natick, MA, USA) platform was used for data processing and statistical analysis of high-resolution 3D-T1WI images. The general steps were as follows: 1) T1WI images were observed for quality to exclude poor quality images (no images were excluded from this study). 2) Images were reformatted. 3) A common template was created by group average and all original images registering to the common template by affine transformation. 4) The T1-weighted images were corrected for inhomogeneities and classified into GM, white matter, and cerebrospinal fluid. 5) The GM segment is then spatially normalized (linear and nonlinear normalizations and Jacobian determinants) to match Montreal Neurological Institute (MNI) space. 22 The orientation is determined from unit vectors directed along X, Y, and Z brain axes. 6) The GM segment was resliced to a size of 1.5×1.5×1.5 cm 3 and smoothed with a 3-mm full-width at half-maximum isotropic Gaussian kernel. 7) Z-standardization for better comparison.
statistical analyses
The VBM data of the HZ and PHN groups were separately compared with the HC group by two-sample t-tests using REST software on the MATLAB platform (two-tailed, voxellevel P<0.01; Gaussian random field correction, cluster-level P<0.05). Age and gender were used as covariates. The MNI coordinates of the significant regions were recorded, and the statistically significant voxels were superimposed on the group-standard 3D-T1WI image to generate a pseudocolor image. The statistically significant brain regions of the PHN and HZ groups were extracted as regions of interest, and their correlations with the respective VAS and disease duration were analyzed using IBM SPSS 22.0 (Chicago, IL, USA) software; P<0.05 was considered significant. Receiver operating characteristic (ROC) curves were also analyzed using SPSS 22.0 to evaluate diagnoses of significant brain regions, and Bonferroni corrections were used for all multiple comparisons. SPSS 22.0 software was also used to examine the differences in age among the three groups through nonparametric statistical test. Gender was compared between the two case groups and the HC group using the chi-squared test. P<0.05 indicated that the difference was statistically significant.
Results
Demographic and clinical characteristics
The general clinical characteristics of the HZ and PHN patients are listed in 
gMV alterations in the hZ and Phn patients
Compared with the HC group, the bilateral insula exhibited a significantly reduced (P<0.01) GMV (within right Rolandic_ Operculum), and the bilateral thalamus exhibited a significantly increased GMV (P<0.01) in the HZ group ( Figure 1 , Table 2 ).
In the PHN group, the left insula lobe, right middle frontal gyrus (MFG), right insula lobe, left precentral Table 3 ).
Compared with the HZ group, the PHN group showed a significantly increased GMV (P<0.01) in the left cerebellar tonsil, culmen (a part of vermis), and left lentiform nucleus and a significantly decreased GMV (P<0.01) in the right precentral gyrus (Figure 3 , Table 4 ).
clinical correlations of gMV in different periods of hZ and Phn patients
The GMV of the thalamus was positively correlated with VAS scores (P=0.01, r=0.443) in HZ patients (Figure 4 ). Figure 5A ,B). The change in GMV in the left insula was negatively correlated with pain duration (P=0.016, r=−0.509; Figure 5C ). The GMV of the left precentral gyrus and left postcentral gyrus showed significant negative correlations with VAS scores (P=0.019, r=−0.497 and P=0.015, r=−0.516) in PHN subjects ( Figure 5D ,E). ROc analysis for discriminating hZ and Phn patients ROC analyses revealed excellent sensitivity and specificity with satisfactory accuracy for discriminant function. The area under the curve (AUC) values in bilateral insula (AUC =0.821 for right insula and 0.835 for left insula) were relatively high, which showed reliable classification to discriminate HZ patients from HCs ( Figure 6 , Table 5 ). The AUC values in bilateral insula (AUC =0.938 for right insula and 0.890 for left insula), bilateral precentral gyrus (AUC =0.821 for right precentral gyrus and 0.835 for left precentral gyrus), right MFG (AUC =0.885), and left postcentral gyrus (AUC =0.881) were relatively high, which showed reliable classification to discriminate PHN patients from HCs ( Figure 7 , Table 6 ). In addition, left cerebellar tonsil (AUC =0.805), culmen (AUC =0.788), and left lentiform nucleus (AUC =0.826) also demonstrated higher AUC for excellent discriminant function between PHN and HZ patients ( Figure 8 , Table 7 ).
Discussion
In this study, VBM was used to investigate and compare alterations in GMV in HZ and PHN patients. Both PHN and HZ patients showed extensive and significant alterations in GMV. PHN has extreme effects on the brain. In addition to regions associated with pain, regions related to emotion (lentiform nucleus), memory (parahippocampus), and somatomotor functions (precentral gyrus) also showed significant changes in GMV. These results indicated that brain regions related to emotion, memory, and motor function, in addition to pain-related brain regions, are also involved in the cen- tral mechanism of PHN. Further ROC analysis showed that decreased GMV in the bilateral insula, bilateral precentral gyrus, right MFG, and left postcentral gyrus corresponded to greater AUCs (it is accepted that AUC has a significant diagnostic when the value is >0.6), 23 suggesting that these regions could serve as markers to separate individuals with PHN from healthy subjects. PHN patients exhibited greater GMV in the left cerebellar tonsil, culmen, and left lentiform Previous studies have demonstrated the important role of the insular lobe in pain-related diseases, such as migraine, 24 low back pain, 25 and trigeminal neuralgia. 26 The results showed that decreased GMV in the bilateral insular lobes together with higher AUCs is common in HZ and PHN patients, suggesting the essential role of the insula in pain. Zhang et al 15 showed similar results that PHN patients exhibited significantly decreased DKI parameters in the bilateral insular lobes compared with HCs. The insula mainly accepts direct projections from the medial thalamus and is part of the medial pain sensory system. In fact, neuroimaging studies have demonstrated the critical role of the insula in pain pathways and its close relationship with the perceived intensity of nociceptive stimuli. 27 Not only does the insula directly receive pain sensation information and can act to relieve pain, but it can also affect subsequent decisions and behaviors. 28 In addition, neuropathic pain causes biochemical alterations of dopamine receptors and muscarinic receptors in the insula. 29 Therefore, the abnormal perception of nociceptive stimulation caused by decreased GMV in the insula may be an important mechanism of hyperalgesia. Moreover, the left insula had a negative correlation with pain duration in PHN patients. All these findings suggest that changes in GMV in the insula are specific to pain and may be involved in pain progression, specifically that more severe structural damage to the insula causes extended pain duration. These findings prove that the insula is an indispensable brain region that could play a fundamental role in pain modulation.
The thalamus is the most important sensory conduction relay station for all senses except the sense of smell and plays a pivotal role in cortical pain signal input regulation and cor- 30 Increased GMV in the thalamus might reflect central sensitization in pain diseases resulting from more pain signal input. fMRI studies have shown increased cerebral blood flow and ReHo values in the thalamus are associated with pain intensity in PHN patients, 9, 13 and growing evidence has shown that the thalamus plays a vital role in the production and maintenance of neuropathic pain. 31 For example, neuropathic pain is associated with anatomical changes, biochemical changes, 32 and perfusion changes in the thalamus. Our study demonstrated that the increase in GMV in the thalamus is correlated with VAS scores in HZ patients, possibly indicating that the thalamus is sensitive to pain and reflects pain intensity. However, some studies reported atrophy of the thalamus GM caused by pain. 33 The inclusion of samples with different durations of pain may be related to these conflicting results, which could also be a reason why no abnormalities of the thalamus GMV were found in PHN patients.
The VBM analysis results revealed that the HZ and PHN patients showed abnormal GM in several brain regions, including the bilateral insula, thalamus, right MFG, left posterior central gyrus, and cerebellum, compared with HCs. These areas overlap with the "pain matrix", which is defined as regions that are activated in response to increasing levels of pain, 34 mainly including the somatosensory area, supplementary motor area, insular lobes, thalamus, forebrain, and cingulate gyrus. 34, 35 Table 3 and Figure 2 show that, in addition to regions of the pain matrix, the right parahippocampus, right lentiform nucleus, and bilateral precentral gyrus are implicated in brains of PHN patients. Among them, the lentiform nucleus, which has rich connections with the attentional sensorimotor and limbic emotion processing network, is a crucial component of the striatum. 13 As the striatum makes up a significant part of reward, hedonic, and emotional circuitries, 36, 37 increased GMV in the lentiform nucleus could explain the emotional abnormities in PHN patients. These results suggest not only that PHN affects cerebral pain perception but also that PHN pathogenesis involves more complicated, variational central mechanisms, which may contribute to its poor treatment outcomes.
The parahippocampus, as part of the limbic system, plays an important role in memory function. Increased GMV of the parahippocampus was positively correlated with VAS scores in our results, indicating that bad experiences caused by pain may form memories, and the formation of these memories further worsens the pain experience, which may be one of the reasons behind refractory pain in PHN patients. Furthermore, amygdala sits at the tip of the hippocampus and there are evidences that patients with sustained anxiety or treated depression may show increased volume in amygdala. 38, 39 We are not exactly clear how PHN patients are treated during shingles, although we scanned them before treatment. It may be another reason for the increased GMV of parahippocampus. However, our results are contrary to those of previous studies of PHN. For example, Zhang Yi et al 15 reported that DKI parameters were decreased in the parahippocampal gyrus, and Chen et al 14 used DTI and found that fractional anisotropy was reduced in the parahippocampus. Zhang Yue et al 40 related PHN pain to the small-world properties of brain functional networks and detected significant decreases in the integrated nodal efficiency in the bilateral parahippocampal gyrus. From an anatomical point of view, the increased GMV may be related to neuronal proliferation, an increased number of synapses, or vascular changes, while many researchers agree that it is a type of compensatory response of adaptive nature. The result of GMV alteration in parahippocampus that contradicts some of the previous studies may be because of the differences of individuals. Nevertheless, it is possible that microstructural abnormalities in the parahippocampus might correspond to the memory aspect of the pain reaction in PHN, and antidepressants treatment may be one of the reasons as well.
As expected, the HZ and PHN brains exhibited different morphological changes. Significantly increased GMV was revealed in the left cerebellar tonsil, culmen, and left lentiform nucleus of PHN patients compared with HZ patients. These regions showed greater AUCs in the ROC analysis, indicating that they could distinguish PHN from HZ, and abnormalities in these regions of the brain are risk factors for HZ patients to develop PHN. The PHN brain also showed decreased GMV in the right precentral gyrus, and these results are in agreement with the longitudinal study results of Cao et al. 41 Recently, more studies have identified that the cerebellum is involved in pain processing and regulation. fMRI studies have shown abnormal activity of the cerebellum in PHN brains. 36, 42 Restuccia et al 43 indicated that different types of pain activate different subregions of the cerebellum. Our results show that changes in the GMV of the CPL were positively correlated with VAS scores, which could explain the close relationship between the cerebellum and pain. The cerebellum and the precentral gyrus are both important motor regulatory centers. Alterations of GMV in these regions may be related to pain epiphenomena, such as the suppression of daily movement or pain-evoked movements. 44 Due to the long-term effects of allodynia, patients with PHN often adjust their posture throughout the day to prevent contact with clothes to avoid tactile allodynia. Interestingly, the cerebellum is closely related to mental disorders and is also linked to depression. 45 This may be one of the reasons why PHN patients have a high risk of developing depression. Under the long-time affect of the negative emotion, neuropathic pain is more difficult to be cured and more likely to develop PHN. Cerebellum also involves emotional regulation and cognition, which may lead the transformation of simple neuropathic pain to more complex neuralgia with multiple factors after its anomaly. Therefore, the cerebellum is a multi-effect integrator that involves pain processing, motor regulation, emotional regulation, and cognitive function. 46 
Limitations
There are some limitations to this study. First, the small sample size is a common problem in this and other PHN studies. Because all patients were recruited from the Pain Department, our investigation lacks patients with lower pain intensity levels (VAS <5). The range of pain duration among the PHN patients is also a limitation (mean of 3 months).
Patients with a wider range of pain intensities and longer pain duration should be recruited to verify these results in future studies. Second, the emotional statuses of the subjects, which may affect the brain microstructure, were not scaled in this study. Although no obvious emotional symptoms were observed among the patients, our results showed abnormalities in emotion-related regions. Third, it remains unknown whether alterations in GMV are the cause of pain or the result of pain. Considering that the adult human brain may change its structure in response to environmental demands, 47 a thorough longitudinal study is needed to explore whether morphological changes can be reversed when nociceptive inputs cease or when the disease is adequately treated. Also, whether the side of the herpetic lesion correlates with the side of the brain involvement is worth investigating.
Conclusion
Both HZ and PHN could extensively influence the brain structure. Larger GMV alterations in PHN brains indicate the complexity of the central mechanism -PHN is not only connected with pain-related regions but also with regions related to emotion, memory, and behavior. The GMVs of the bilateral insula, bilateral precentral gyrus, right MFG, and left postcentral gyrus could be imaging markers for differentiating PHN patients from healthy individuals. Additionally, the cerebellum, lentiform nucleus, and precentral gyrus may play essential roles in the transition of HZ to PHN.
